Site-specific covalent attachment of DNA to proteins using a photoactivatable Tus-Ter complexw Dahdah 4 and the use of photoaptamers. 5 The objective of this work was to develop a straightforward and reliable method to covalently and regiospecifically link any protein of interest (POI) with any specific DNA sequence. To do so, we made use of the DNA-binding properties of the 36 kDa Escherichia coli replication terminator protein Tus.
In E. coli, chromosomal DNA replication proceeds bidirectionally from the origin, and the two replication forks meet in the terminus region, 6 which contains ten 23-bp Ter sites (TerA-J) arranged in two oppositely-oriented groups of five. 7 Each Ter site binds Tus. 8 A replication fork can pass through the first group of Tus-bound Ter sites, where it encounters the ''permissive'' face of the Tus-Ter complex, but is stopped by the second group where it now encounters the non-permissive face. A recent study revealed the mechanism for this obvious polarity of fork arrest. 9 The rates of dissociation of Tus from forked TerB oligonucleotides, such as those produced by the replicative DnaB helicase, at both the non-permissive and permissive ends of the Ter site were measured by SPR, which demonstrated that melting of the strictly conserved G-C(6) base pair at the non-permissive end led to formation of a much more stable ''locked'' Tus-TerB complex (TT-Lock). The crystal structure of the locked complex showed that C(6) moves B14 Å to bind in a cytosine-specific pocket on the surface of Tus. Many of the conserved residues among the various Ter sites make base-specific contacts with Tus and a large number of other non-specific contacts are electrostatic. 9, 10 The dissociation constant (K D ) of Tus-TerB was reported to be 0.3 pM in 0.15 M potassium glutamate, and its half-life was more than 9 h. 11 The binding of this complex is strongly dependent on ionic strength, with the value of K D rising to about 1 nM, and the half-life decreasing to about 2 min, in a buffer containing 0.25 M KCl. 9, 12 Protein-DNA complexes can be studied by photochemical cross-linking of proteins to 5-halogenated (deoxy)uridine (e.g., BrdU, IdU) substituted nucleic acids. 13 A proposed mechanism involves formation of a reactive C-centred radical by homolytic cleavage of the carbon-halogen bond of 5-halouracil.
14 The photoreactivity of these analogues was utilized to crosslink Tus to TerB DNA by substituting T(8) for 5-BrdU. 15 However, efficiency was only 15%, even with lengthy UV irradiation. Trypsin digestion of Tus revealed a crosslinked segment that matched residues 122-139. The crystal structure of the TT-Lock showed that residues in the unpaired region at the non-permissive face occupy radically different positions to those in the fully double-stranded Tus-TerA structure. 9 In particular, and consistent with predictions from biochemical data, the major differences between the structures of the DNA ligands involve strand separation at residues preceding T-A(7), with C(6) binding in the cytosine binding pocket of Tus near helix a4 (residues 135-147). 9 The T-A(7) base pair makes no base-specific contacts in the structures, but is disrupted in the TT-Lock, with A(7) stacking on the face of the phenyl ring of Phe140. We hypothesized that Ter sequences that are able to form locked complexes and contain a BrdU substitution at position A(7) could, upon photochemical activation, be crosslinked in high yields with helix a4 of Tus. Our primary objective was to optimize photocrosslinking. We reasoned that the structure of Ter variants (Fig. 1A ) could influence the kinetics and reaction yields depending on their ability to form a TT-Lock. The Ter variants Br/P1 and Br/P4 do not form the TT-Lock as C(6) of Ter is base paired, whereas Br/P2, Br/P3 and Br/P5 will do so, since C(6) is not base paired.
To ensure that Tus forms stoichiometric complexes with the Ter variants, a modified electrophoretic mobility shift assay (EMSA) was used to demonstrate the differential migration of free Tus compared to Tus-Ter complexes. The complexes were prepared using N-terminally His 6 -tagged Tus. Stoichiometric mixtures of His 6 -Tus and Ter variants were electrophoretically separated on an agarose gel (Fig. 1B) . All Tus-Ter complexes migrate towards the anode due to the presence of negatively charged oligonucleotides bound to Tus (lanes 3 to 7) when compared to free Tus (lane 1). In lanes 3-7, the presence of only one band demonstrates that Tus binds stoichiometrically to all Ter variants. Lane 2 represents the weak (non-specific) interaction of Tus with the Br oligonucleotide. In this case, Tus progressively dissociates from Br, resulting in a smear. The difference in migration observed in lanes 4 and 5 compared to lanes 3, 6 and 7 is due to the difference in size of the bound Ter variants.
In the next stage, we evaluated the photocrosslinking kinetics with preformed Tus-Ter complexes. Drops of the complex were spotted under the cover of an ice-cold 96-well plate and irradiated using a UV-transilluminator set at 312 nm (Vilber Lourmat); drops were hanging B7 mm above the surface of the transilluminator. The yield of crosslinking was assessed by SDS-PAGE followed by Coomassie blue staining ( Fig. 2A) . The upper band, appearing over time, corresponds to the photocrosslinked Tus-Ter variants. The yields for crosslinked Br/P2, Br/P3 and Br/P5 were similar, at around 60-65% after 9 min (Fig. 2B) . Their first order reaction rate constants (k) were also similar, ranging from 0.19 to 0.26 min À1 . Surprisingly, k for Br/P1 and Br/P4 were 44-fold higher, at 1.2 and 1.4 min À1 respectively, though the yields were lower (32-46%) than for the TT-Lock forming Br/P2, Br/P3 and Br/P5 species. Finally, as expected, very weak crosslinking was observed for the Br-Tus complex, but it occurred with a similar k value to that obtained with the TT-Lock forming variants; this suggests that the reaction rate is influenced by C(6) not being base paired. Since we intend later to crosslink Tus to Ter sequences at the ends of longer DNAs, the salt dependence of the crosslinking reaction was studied to ensure that it would still occur efficiently under conditions where non-specific Tus-DNA interactions are not observed (40.2 M KCl). 12 Increasing the ionic strength disrupts electrostatic interactions in both the Tus-Ter and non-specific Tus-DNA complexes, 9, 12 and could also affect the photocrosslinking reaction. To evaluate this, each Ter variant was treated with Tus in increasing concentrations of KCl and irradiated for 6 min. Crosslinking efficiency was quantified as before (Fig. 3A) . Here we expected that, at some point, the KCl concentration would weaken the ability of Tus to form a complex with the Ter variants, resulting in more unbound Tus. As a consequence, less crosslinking would occur and this would be directly related to the K D of the complexes. As expected, the most stable complexes were obtained for the TT-Lock forming species Br/P2 and Br/P3, as shown by the persistence of the crosslinked fraction at 0.85 and 0.95 M KCl. The salt did not apparently affect the photochemistry, with respect to rates or yields. Data were fit to a sigmoidal dose-response model where IC 50 values indicate salt concentrations necessary to achieve a 50% reduction in the yield obtained in low salt conditions after 6 min of UV irradiation. For Br/P2 and Br/P3 the IC 50 values of 0.66 and 0.70 M correlated well with high complex stability (Fig. 3B) . For Br/P1 and Br/P4, IC 50 values of 0.47 and 0.50 M, respectively, are consistent with the lower stability of these complexes. Tus also bound non-specifically to Br in low salt, but the complex was totally disrupted by 0.25 M KCl. However, unexpected results were obtained for Br/P5. Despite its ability to form the TT-Lock, this complex was less stable, Fig. 2 Crosslinking reaction kinetics. A. Tus proteins (2 ml at 50 mM in 50 mM phosphate, pH 7.8) and Ter variants (2 ml at 50 mM in 10 mM Tris, pH 8, 125 mM KCl) were mixed and UV-irradiated for the times indicated. Proteins were separated by SDS-PAGE and visualized by Coomassie blue staining. The retarded bands correspond to the crosslinked Tus-Ter complexes. B. The fractions of crosslinked Tus-Ter complexes were quantified using ImageJ software. The data were fit to a simple first order rate expression for product formation:
, where f xl is the fraction of crosslinked product, p is the theoretical plateau, t is time and k is the rate constant. 5c The table lists p and k values for each of the Ter variants. Proteins were separated by SDS-PAGE and visualized with Coomassie blue. The retarded bands correspond to the crosslinked product at each KCl concentration, giving fractional yields, f xl [KCl] . B. The f xl [KCl] were quantified using ImageJ software and the data were fit to a sigmoidal dose-response model with the bottom plateau value set to zero and a variable slope: with an IC 50 value of 0.48 M. In these reactions, we observed that concentrations of KCl ranging from 0.15-0.65 M generated unexpected bands of higher molecular weights (Fig. 3A) . We believe that the presence of these bands may affect the quantification of crosslinking and consequently the IC 50 value. These bands were specifically observed for Br/P5 Ter variants and were not investigated further.
Finally, we tested the use of Tus as a fusion tag to covalently and site-specifically link a POI to DNA containing the photoactivatable Br/P2 sequence. As a proof-of-principle study, we chose green fluorescent protein (GFP) as our POI (Fig. 4A) . His 6 -tagged TusGFP fusion protein were expressed, purified and mixed with stoichiometric amounts of Br/P2.
TusGFP stoichiometrically bound to Br/P2, confirming that the function of Tus in the fusion protein is not compromised (see ESIw). Kinetic studies of the UV-irradiated TusGFP-Br/P2 complex revealed successful crosslinking as demonstrated by the appearance of one upper band (Fig. 4B) . The photocrosslinking kinetics were similar to those for Tus-Br/P2, with p = 0.53 and k = 0.48 min
À1
. Thus, fusion of GFP to Tus does not strongly affect the crosslinking reaction with Br/P2. Salt dependence experiments indicated that the TusGFP-Ter complex is highly stable, and residual crosslinking still occurred at KCl concentrations as high as 0.95 M; IC 50 = 0.63 M (Fig. 4C) . Reaction rates were not much affected by ionic strength. This flexibility is advantageous for use of the system in downstream applications.
Further investigations are required to show if Phe140 is involved in covalent bond formation. Large k values and high yields were expected with the TT-Lock complexes and slow reaction rates and low yields were expected for complexes with base-paired G-C(6), which is in sharp contrast with our results. Nevertheless, the difference in yield observed between the different species still suggests that the formation of the TT-Lock is necessary to avoid non-productive photoreactions that would result in fewer crosslinking events.
In conclusion, we have demonstrated for the first time that Tus in combination with Br/P2 or Br/P3 Ter variants that are able to form the TT-Lock can be used as an efficient connector system for the site-specific synthesis of covalent protein-DNA conjugates under very mild conditions without extensive purification steps. To our knowledge, this is the first account of large scale synthesis (reactions were done at concentrations of 25 mM) of covalent fusion protein-DNA conjugates using a photocrosslinking method, and the scale of synthesis can easily be further increased. The reactions can be carried out simply with a UV-transilluminator to achieve up to 65% yield of covalent bond formation (Br/P2) in just 9 min. We demonstrated that exposure at 312 nm, which is in the tail of the absorption spectrum of BrdU, 14b can be efficiently used to avoid DNA-damage (see ESIw). Crosslinking can be done in moderate to high salt conditions without affecting the reaction rates, thereby providing flexibility in reaction conditions. The procedure affords stoichiometric protein-DNA conjugates with well-defined regiospecificity. Another advantage is that the reactions can be carried out at very low concentrations due to the high affinity (K D o nM) of these species. Finally, due to its simplicity, speed, flexibility and robustness, we expect this procedure to be useful in many applications requiring the production of covalent protein-DNA conjugates such as proteomics, molecular diagnostics and nanotechnology.
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